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Abstract

A fully developed understanding of protein glycosylation requires characterization of the modifying
oligosaccharides, elucidation of their covalent attachment sites, and determination of the glycan
heterogeneity at specific sites. Considering the complexity inherent to protein glycosylation,
establishing these features for even a single protein can present an imposing challenge. In order to
meet the demands of glycoproteomics, the capability to screen far more complex systems of
glycosylated proteins must be developed. Although the proteome wide examination of carbohydrate
modification has become an area of keen interest, the intricacy of protein glycosylation has frustrated
the progress of large scale, systems oriented research on site-specific protein-glycan relationships.
Indeed, the analytical obstacles in this area have been more instrumental in shaping the current
glycoproteomic paradigm than have the diverse functional roles and ubiquitous nature of glycans.
This report describes the ongoing development and analytically salient features of bead immobilized
pronase for glycosylation site footprinting. The present work bears on the ultimate goal of providing
analytical tools capable of addressing the diversity of protein glycosylation in a more comprehensive
and efficient manner. In particular, this approach has been assessed with respect to reproducibility,
sensitivity, and tolerance to sample complexity. The efficiency of pronase immobilization, attainable
pronase loading density, and the corresponding effects on glycoprotein digestion rate were also
evaluated. In addition to being highly reproducible, the immobilized enzymes retained a high degree
of proteolytic activity after repeat usage for up to 6 weeks. This method also afforded a low level of
chemical background and provided favorable levels of sensitivity with respect to traditional
glycoproteomic strategies. Thus, the application of immobilized pronase shows potential to
contribute to the advancement of more comprehensive glycoproteomic research methods that are
capable of providing site-specific glycosylation and microheterogeneity information across many
proteins.
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Introduction

The post-translational modification (PTM) of proteins by carbohydrates is becoming
increasingly recognized as a vital area of study,l'4 nonetheless the proportion and scale of
research devoted to protein glycosylation lags behind efforts aimed at characterizing other
PTMs. The study of protein glycosylation has not kept pace with the enormous structural
diversity and eclectic functional roles of protein modifying oligosaccharides, but instead has
been constrained by the exceedingly challenging nature of protein glycosylation analysis.
5-11 While the term “glycoproteomics” has become frequently invoked in the scientific
literature, the large scale, systemic examination of protein glycosylation has remained
unrealized. Instead, the tremendous complexity of protein glycosylation compounded by the
lack of sufficiently developed analytical capabilities have in practice necessitated a certain
level of reductionism be applied to the analysis of protein glycosylation. Consequently,
“glycoproteomics” has taken on a rather loose and broad definition and can be found to refer
to studies of very different scales, depths, objectives, and outcomes. Essentially all such studies
can be assigned to one of three categories of reductionist glycoproteomics: proteocentric,
glycocentric, or monoproteic.

Proteocentric glycoproteomics generally involves the enrichment of glycan-bearing proteins
(e.g., using affinity chromatography or covalent coupling chemistry) followed by standard
proteomic analysis. The proteomic determinations may be carried out on the glycoproteins
directly, or might be performed after the proteins have been deglycosylated. In the case of
direct proteomic analysis, the glycan moieties are often simply disregarded (except for the fact
that they are noted to be an impediment to protein identification). When deglycosylation is
applied, the released oligosaccharides are usually discarded and the proteomic analysis is aimed
towards protein identification and location of former sites of glycosylation. This is most
commonly applied to N-linked glycosylation site analysis, wherein enzymatic digestion with
peptide N-glycosidase F (PNGase F) results in the conversion of glycosylated asparagine
residues into deglycosylated aspartic acid residues. Sites of asparagine to aspartic acid
substitution occurring in the context of N-glycosylation consensus sequons are then construed
as former sites of oligosaccharide occupancy. While these approaches do allow for the large-
scale identification of glycosylated proteins (with or without deglycosylation) and mapping of
glycosylation sites (with deglycosylation), all information regarding the general class and
composition of the glycans is lost and the identities of oligosaccharides occupying a particular
site remain obscure. Given the wide range of possible glycans and the relation of these
carbohydrate moieties to an equally large array of metabolic states, the loss of this information
severely limits the biological conclusions that may be drawn from such experiments.
Proteocentric glycoproteomics has perhaps been most prominently typified by the hydrazide
capture method of Aebersold and coworkers!2 and the various modifications and a]fplications
thereof; 13-20 however, many other works can be found to fall into this category.2 -25 One
such article provides a proteocentric definition of glycoproteomics: “...the identification of
specific glycosylation sites on glycoproteins.”

Glycocentric glycoproteomics is essentially the complement of proteocentric strategies, and is
often perceived as falling within the realm of “glycomics” — a more generic term which not
only applies to protein linked glycans, but to other glycoconjugates and free oligosaccharides
as well. A broad but implicitly glycocentric definition of glycoproteomics can be found in a
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recent editorial: ““...the study of the glycome attached to proteins.”26 In a large scale
glycoproteomic study with a glycocentric emphasis, the identities of the glycosylated proteins
are usually not of interest, while the classes, compositions, and structures of oligosaccharides
released from proteins via PNGase F, -elimination, or hydrazinolysis are studied in detail.
27-33 Again, all information relating the observed glycans to specific proteins or specific sites
is lost.

The third major variety of reductionist glycoproteomics is monoproteic in nature. Most
commonly, these studies involve proteolytic digestion of a given protein and analysis of the
resulting glycopeptides, with the glycans remaining covalently attached to their respective
peptide moieties throughout the analysis. Studies of this sort are characterized by more detailed
treatment of protein glycosylation and are usually performed with site-specific rigor, thus
allowing for association of specific glycans with particular amino acid residues. This level of
depth is achieved at the expense of breadth, as work of this type is usually directed at either a
single protein or a very simple mixture of proteins.34'44

Taken together, these differently focused approaches to glycoproteomics delineate the present
state of the art. Current technologies allow identification of many glycoproteins;
characterization of the glycans occurring on many proteins; or more detailed studies of site-
specific glycosylation and microheterogeneity for single or very few proteins. Ideally, a truly
systems-oriented glycoproteomic analysis would encompass all of these aspects in single
experiment or workflow; however, at present this is not feasible. Nonetheless, there are a
number of technologies that have potential to surpass the need for reductionist approaches to
glycoproteomics. One approach with significant promise for achieving more comprehensive
glycoproteomics entails nonspecific enzymatic proteolysis of glycosylated proteins and
analysis of the resulting glycope;s)tides by mass spectrometry (MS). As previously
demonstrated by this laboratory4 47 and others, 8-52 3 hi ghly effective agent for this purpose
is pronase - a mixture of proteases exhibiting several different endoprotease and exoprotease
activities that in concert are able to hydrolyze virtually any peptide bond. This method of
preparing glycopeptides from glycoproteins has several advantages over the use of tryptic
digestion. Because glycan modifications sterically interfere with protease action, the peptide
bonds adjacent to sites of glycosylation are hydrolyzed at a significantly reduced rate relative
to those of nonglycosylated polypeptide regions. This results in a final glycopeptide preparation
that is free of interfering nonglycosylated peptides and instead contains only glycopeptides and
free amino acids, with a small proportion of dipeptides. This provides a sample with far less
complexity than products of tryptic digestion, which contain a mixture of glycosylated and
nonglycosylated peptides. Hence, tryptic digestion for glycopeptide preparation further
complicates an already difficult analysis and introduces the necessity to fractionate
glycosylated and nonglycosylated peptides. Moreover, the common problem of missed tryptic
cleavages in the vicinity of glycosylation sites tends to produce glycopeptides with rather large
peptide moieties, thus impeding glycopeptide compositional determination and often
precluding site-specific glycosylation assignment.

A key refinement to the nonspecific proteolysis approach has been recently introduced by this
1ab0rat0ry46 and Temporini et al S1_ the immobilization the pronase proteases. Covalent
linkage of the enzymes confers the added benefits of reduced digestion time, prevention of
interfering enzyme autolysis products, and facile removal of the enzymes from the digest. This
renders the digest amenable to direct analysis by MS using electrospray ionization (ESI)
following simple dilution, provided the digestion is performed in an ESI compatible buffer.
Although nonspecific proteolysis has thus far served primarily as a platform for monoproteic
analysis, it has not escaped our notice that these characteristics are highly desirable from the
standpoint of developing a robust, high throughput platform for comprehensive
glycoproteomics. As a step towards this objective, the analytical performance of bead
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immobilized pronase for protein glycosylation profiling is optimized and described. The
method has been assessed in terms of enzyme immobilization efficiency, bead coupling
capacity, proteolytic activity, digestion reproducibility, and minimum amount of glycoprotein
required for characterization. These issues are examined in the context of increasingly complex
glycoprotein systems, including mixtures of nonglycosylated, multiply O-glycosylated, and
multiply N-glycosylated proteins.

Experimental Section

Enzyme Immobilization

Pronase E (PE) proteases were covalently linked to cyanogen bromide (CNBr) activated
s%pharose 4B (S4B) beads of 40-165 um diameter using well established coupling chemistry.
53 The PE and S4B beads were both acquired from Sigma (St. Louis, MO). The enzyme
immobilization was carried out usin7g an abbreviated version of the protocol reported by
Clowers et al. 40 and Seipert et al. 47, 54 For this expedited coupling procedure, 15, 50, 100,
or 150 mg portions of lyophilized S4B beads were weighed into screw cap microfuge tubes.
The actual mass of S4B beads dispensed to each tube was recorded to the nearest 0.1 mg. The
beads were reconstituted and washed in approximately 1 mL of 1 mM HCI with gentle agitation
for 30 min. Each suspension was then centrifuged, and the supernatants were drawn off and
discarded. All bead preparations were next washed three times with 500 pL aliquots of 100
mM total phosphate buffer (pH 7.4). After the final washing was removed, the beads were
treated with PE solution and fresh phosphate buffer to a total volume of 600 pL. A solution of
either 10 mg/mL or 20 mg/mL PE in deionized water was used, depending on the desired mass
of PE to be delivered. Either 1 mg, 5 mg, or 10 mg PE was introduced to each aliquot of beads
for immobilization. The beads were gently agitated at room temperature for 2 h to allow for
enzyme coupling. The supernatants from the coupling reactions were then collected and stored
at —20 °C for subsequent assay of residual, non-coupled PE. Remaining CNBr activated sites
were then blocked by addition of 500 uL of 1 M aqueous ethanolamine (pH 9.0) and were
agitated at room temperature for 2 h. After removing the blocking reaction supernatant, all
beads were washed three times with 500 pL portions of 100 mM NH4OAc (pH 7.4). Coupled
and washed PE/S4B beads were stored at 4 °C in 500 pL of 100 mM NH4OAc with 0.05% w/
w NaNj (pH 7.4). It should be noted that the coupling procedure was found to be scalable to
tenfold greater quantities with no noticeable loss of effectiveness.

Determination of Residual Free Pronase

All coupling supernatants were analyzed for total protein content using a standard Bradford
assay. Each assay was performed at a 3.1 mL scale by combining 100 pL coupling supernatant
with 3 mL Bradford reagent (Sigma). After allowing 10 min for development, absorbance was
measured at 596 nm using a Hewlett-Packard 8452 ultraviolet-visible diode array
spectrophotometer (Santa Clara, CA). The concentration of protein was calculated according
to a standard curve derived from analysis of bovine serum albumin (BSA) standards prepared
in the same manner. A 1.0 mg/mL quantitative BSA standard solution (Sigma) and several
dilutions thereof in phosphate buffer served to span the concentration range of 100-1000 pg/
mL. Any coupling supernatants exceeding the standard curve range were diluted as necessary
in phosphate buffer and reanalyzed. Once the residual PE concentration was determined for
each coupling supernatant, the amount of successfully immobilized PE was calculated by
difference.

Glycoprotein Digestion

Several model glycoproteins were obtained from commercial sources. Bovine ribonuclease B
(RNase B; SwissProt accession P61823), bovine k-casein (k-CN; SwissProt accession
P02668), chicken egg albumin (CEA; SwissProt accession P01012), and human apo-transferrin
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(HAT; SwissProt accession P02787) were obtained from Sigma. Bovine fetuin (BF; SwissProt
accession P12763) was purchased from CalBiochem (San Diego, CA). Before glycoprotein
digestion, each PE/S4B bead preparation was washed three times with 500 pL portions of
ammonium acetate buffer. Glycoproteins were dissolved in the ammonium acetate buffer at
an initial concentration of 10 pg/uL and in some cases were further diluted to 10-100 ng/pL.
depending on the desired amount for digestion. A stock mixture of RNase B, x-CN, BF, and
BSA (Sigma) was also prepared in ammonium acetate buffer at a concentration of 1 pg/pL in
each protein. Additional ammonium acetate buffer and glycoprotein solution (total volume,
250-500 pL) were added to PE/S4B bead preparations and incubated at 37°C with gentle
agitation for varying intervals (ranging from 30 min to 24 h). Digestion blanks containing no
glycoprotein were prepared and incubated in the same manner. Supernatants were sampled
following centrifugation and were then stored at —20°C until the time of analysis. PE/S4B
beads were washed three times with ammonium acetate buffer and stored at 4°C in ammonium
acetate / sodium azide buffer for later use.

Sample Preparation and Mass Spectrometry

Prior to MS analysis, digestion supernatants were either diluted or concentrated depending on
the quantity of glycoprotein digested. Dilutions were typically at least 10 fold, and were done
to result in a final solution composition of 50% aqueous acetonitrile (ACN) / 0.1% formic acid
(FA). For low concentration glycoprotein digests, the supernatants were reduced to dryness in
a vacuum centrifuge and reconstituted in 25-50 pL deionized water. To compensate for the
increased concentration of buffer salts, the digests were then purified by solid-phase extraction
using 10 pL Glygen NuTips loaded with graphitic carbon (Columbia, MD). The desalted
glycopeptides were eluted from the tips in 10-20 uL. 50% ACN / 0.1% FA. For nanoflow
electrospray ionization (nESI), glycopeptide solutions were delivered using a syringe pump
through a 25 pm inner diameter (ID) fused silica capillary tubing to a New Objective Picoview
nESI source (Woburn, MA) at a rate of 100-200 nL/min. Spray voltages of 1600-2200 V were
applied to the sample flow path via a liquid junction device. Nanospray emitters fashioned
from 75 pm ID fused silica capillary tubing were pulled in-house using a butane torch and were
thoroughly cleaned with methanol before use. MS analysis was conducted using a 9.4 T
IonSpec QFT FTICR-MS instrument (Lake Forest, CA) fitted with a Waters Z-spray source
interface (Manchester, UK). Nanosprayed ions were externally accumulated in a source region
hexapole, then transferred through an RF-only quadrupole ion guide to the ICR cell for high
resolution, accurate mass analysis. Mass spectra were externally calibrated using a series of
maltooligosaccharides as previously described.>d

Data Reduction

Calibrated mass spectra were thresholded, deconvoluted, and deisotoped using the IonSpec
PeakHunter software package. The resulting peak lists were exported for further analysis using
GP Finder, an in-house software package programmed and implemented in IGOR Pro (Version
6, WaveMetrics, Lake Oswego, OR). As described previously,46 GP Finder combines known
protein sequence data with monosaccharide composition constraints to search experimental
peak lists for potential glycopeptide masses. Monosaccharide composition settings were
stringently set to search for specific classes of glycans and minimize the incidence of
nonsensical matches. No glycopeptide assignments were made for potential matches having
mass errors in excess of 10 ppm. Furthermore, no glycopeptide assignments were made in the
absence of complementary glycan compositions occurring on the same peptide tag (which was
expected due to the natural site heterogeneity of protein glycosylation), or complementary
peptide tags occurring with the same glycan attached (which was expected due to the
nonspecific nature of pronase digestion).
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Results and Discussion
Reproducibility and Long-Term Stability

Two useful characteristics of pronase coupled beads are their stability during storage and their
reusability. These characteristics enable digestions to be carried out in a number of different
formats (i.e., cartridge, spin column, 96 well plate, or flow through enzyme reactor) with
multiple uses and following several weeks of storage. This furnishes the possibility of high
throughput and very low cost glycoprotein digestion. Furthermore, the protease functionalized
beads need not be prepared immediately before use, but can be coupled in advance for on
demand glycoprotein digestion. In order to assess the extent to which immobilized pronase
could be reliably stored and reused, 1 mg digests of RNase B and k-CN were performed
periodically over the course of six weeks using 1 mg PE / 150 mg S4B beads. All digestions
were incubated for 24 h, and the same bead preparations were used on each occasion. Portions
of each digest were diluted 10 fold prior to nESI-FTICR-MS analysis. As demonstrated in
Figure 1, both the RNase B and k-CN digests remained highly reproducible for six weeks, with
all but the most minor components being faithfully replicated at each time point. All of the
major peaks corresponded to well characterized RNase B and k-CN glycopeptides which have
been described in detail elsewhere. 40 In the case of RNase B, a 16.5 kDa glycoprotein which
carries high mannose type N-glycans at a single site of glycosylation,56 the observed
glycopeptides corresponded to glycans composed of N-acetylglucosamine (GlcNAc) and
mannose (Man) residues (GIcNAc, Mans through GlcNAc, Mang) attached to dipeptides as
well as single asparagine residues. For k-CN, a 21.2 kDa glycoprotein which harbors core 1
type O-glycans at several C-terminal domain sites,> 7> 98 the observed glycopeptides contained
O-glycans composed of N-acetylgalactosamine (GalNAc), galactose (Gal), and N-
acetylneuraminic acid (NeuAc) residues (GalNAc| Gal;, GalNAc; Gal; NeuAc, and
GalNAc; Gal| NeuAc,) linked primarily to tetra- and pentapeptides. After 10 weekly cycles
of digestion and storage, the activity of the pronase beads was found to be slightly diminished.
Notably, no additional signals appeared in the glycoprotein digests over the course of six weeks,
indicating a lack of any detectable protease autolysis. Autolytic peptides were not detected in
supernatants from blank incubations conducted for up to 24 h using pronase coupled beads one
week and 10 weeks post conjugation (data not shown). All blank supernatants were prepared
in the same manner as the glycoprotein digests.

Minimum Protein Quantity Required for Digestion

While pronase digestion offers a number of advantages for protein glycosylation profiling, one
potential limitation lies in reduced sensitivity towards each glycosylation site as compared to
specific digestion. Because glycosylation is by nature a heterogeneous modification, the
glycopeptides derived from specific proteolysis are expected to be represented by a single
peptide moiety linked to several different glycans. Thus, for a particular glycosylation site
having five glycoforms, the observance of five glycopeptides is anticipated. By contrast, when
glycoproteins are nonspecifically digested, each glycosylation site is represented by a
population of glycopeptides that results from a convolution of glycan and peptide
heterogeneities. For example, a site of glycosylation having five glycoforms and represented
in a digest by dipeptides and tripeptides (as can occur in pronase digests) could be divided into
as many as 25 distinct glycopeptides. Although the peptide tag heterogeneity confers additional
confidence when assigning sites of glycan modification, the dual heterogeneity compounds the
division of a given glycosite into a greater number of distinct glycopeptides, each with reduced
molar contribution. On the balance, pronase digestion eliminates nonglycosylated peptides that
would otherwise cause signal suppression of glycosylated peptides in tryptic preparations. This
ostensible improvement in glycopeptide ionization efficiency should somewhat offset any
stoichiometric disadvantage.
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To determine the lowest quantity of glycoprotein required for glycoprofiling, decreasingly
concentrated solutions of RNase B were digested for 24 h using 1 mg PE / 150 mg S4B bead
preparations. Figure 2 provides mass spectra of glycopeptides derived from as little as 100 ng
(~7 pmol) RNase B. Following concentration and desalting, and accounting for sample
infusion rate and MS scan time (10-20 s/scan), each spectrum represents only about 3.5-7.0%
consumption of the total digest. Thus, the spectrum for the 100 ng (7 pmol) digest was acquired
based on the consumption of 500 fmol RNase B digest. The 10 ug digest yielded 16
glycopeptides, all of which have been previously observed and described in detail #0 At the 1
ng level, nine glycopeptides were observed, and at the 100 ng level, only six glycopeptides
could still be detected. In each digest, the observed glycopeptides were accounted for as
primarily dipeptides linked to the series of five high mannose type N-oligosaccharides.

Model Glycoproteins with Multiple Potential Glycosylation Sites

To further explore the efficacy of bead immobilized pronase for site specific glycoprofiling,
several proteins with increasingly complex glycosylation were subjected to pronase bead
digestion and direct nESI-FTICR-MS analysis. These included: CEA, a 42.9 kDa glycoprotein
with two potential N-glycosylation sites and a known population of high mannose and hybrid
type N—glycans;sg'61 HAT, a 77.1 kDa glycoprotein having two consensus N-glycosylation
sequons and carrying sialylated complex type N-linked oligosaccharides;62'65 and BF, a 38.4
kDa glycoprotein containing three potential sites of N-glycan attachment, an array of sialylated
complex type N-glycans, and several known and suspected sites of core 1 and core 2 type O-
glycan modification.06-69

The pronase bead digests of these glycoproteins are presented in Figure 3. The glycopeptides
observed in the CEA digest could all be assigned to dipeptides and tripeptides with high
mannose and hybrid type N-oligosaccharides linked to 223N (Supplementary Table 1). As
expected based on previous studies, no evidence of glycosylation was found at the second
potential N-linked site, 312N.

The HAT glycopeptide preparation was found to contain a mixture of glycosylated asparagine
residues, dipeptides, and tripeptides, with the corresponding glycan moieties being assigned
to nonsialylated, monosialylated, and disialylated complex type N-linked glycans
(Supplementary Table 2). While the peptide sequence tags remaining attached to these
glycopeptides were small, their compositions were sufficient to allow confirmation of HAT
glycosylation at both potential sites: *32N and 43ON.

As anticipated, glycopeptides derived from BF were of both the O-linked and the N-linked
classes (Supplementary Table 3). Monosialylated and disialylated O-glycans were very clearly
associated with 2718, but were ambiguously associated with 280T and 2828 due to the close
proximity of the two sites and the lack of any observed peptide tags encompassing only one
of the sites. Glycopeptides carrying glycans simultaneously at both sites were not observed,
although glycosylation at either or both sites in different glycoforms of the protein cannot be
ruled out based on this result alone. O-glycosylation at 341S, a suspected glycosylation site,
was not observed. Notably, the O-linked glycopeptides were found to have peptide footprints
comprised of five to seven amino acid residues, while the N-linked glycopeptides observed in
the same digest were exclusively linked to tripeptides. This finding is consistent with results
for k-CN O-glycopeptides, which in this work and previous work#0 were found to be degraded
to tetrapeptide tags at the smallest. This result is in contrast to N-linked glycopeptides, which
have been repeatedly shown to be reducible to tripeptides, dipeptides, and single asparagine
residues. The occurrence of the two behaviors within the same digest as observed here is
particularly striking, and suggests that the locally reduced pronase susceptibility conferred by
N-linked and O-linked glycans is in some way distinct. The N-linked complement of BF
glycopeptides was mapped to 139N, 176N, both of which were found to be occupied by
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biantennary and triantennary complex type oligosaccharides decorated by two to four sialic
acid residues.

In sum, these results illustrate that nonspecific proteolysis is readily applicable to a wide
assortment of glycoproteins having different sizes and types of glycosylation. Another
noteworthy difference among these glycoproteins is the varying number of disulfide bridges:
one in the case of CEA, six in the case of BF, and 19 in the case of HAT. All of these proteins
were efficiently digested despite the lack of any reductive treatment prior to proteolysis.

Pronase Coupling Efficiency and Activity

Considering the downstream objective of comprehensive glycoprofiling of protein mixtures,
the need for ever more rapid and efficient proteolysis is evident. Even if some degree of
glycoprotein enrichment and fractionation is applied to a mixture prior to proteolysis, a large
number of glycosylated proteins are expected to remain against a background of
nonglycosylated proteins. A further complication is manifest in the widely varying proteolytic
susceptibilities among glycoproteins. To address these complexities, the coupling of varying
ratios of PE and S4B was systematically explored with respect to protease immobilization
efficiency, protease capacity of the beads, and protease activity.

All experiments described thus far were conducted using an amount of pronase similar to that
which would customarily be used in a free enzyme digest. However, with enzyme
immobilization comes the opportunity to use far more pronase than would otherwise be
possible or even desirable. The limit of enzyme solubility - which in the case of PE is
approximately 20 mg/mL - ultimately restricts the amount of protease that can be used in a free
enzyme digestion. Moreover, including large amounts of free enzyme would undoubtedly lead
to the production of many protease-protease digestion products, thus complicating the digest
while leading to protease inactivation. The drawbacks associated with both autolysis and the
accompanying enzyme inactivation are avoided through the use of immobilized proteases.
Furthermore, the immobilization of the enzymes allows quantities of protease to be used in a
given reaction that surpass the quantity of free enzyme that could be dissolved in solution.

The efficiency for coupling of different quantities of PE to varying amounts of S4B beads is
shown in Figure 4. This result illustrates the capacity to couple considerably more than the 1
mg PE per 150 mg S4B, as has typically been performed for this procedure. Indeed, the reaction
of 10 mg PE with only 15 mg S4B is about 70% efficient, yielding pronase coupled beads that
are approximately one third enzyme by mass (0.45 mg coupled PE per mg S4B dry mass). This
corresponds to an effective PE concentration of 135 mg/mL, which represents a nearly seven
fold increase in PE concentration as compared to the maximum aqueous solubility of PE. While
maximizing the amount of immobilized pronase should provide higher proteolytic activity,
minimizing the quantity of beads in the digestion reduces the possibility of protein loss through
nonspecific interaction with the beads.

In order to determine whether the apparently increased quantity of coupled pronase would be
effective in accelerating the digestion of glycoproteins, RNase B and k-CN were incubated for
abbreviated times with 150 mg portions of S4B that had been coupled to either 1 mg, 5 mg, or
10 mg PE. As seen in Figure 5, only the intact RNase B glycoforms with GlcNAc, Mans (at
z="7+ and 6+) and GIcNAc, Mang (at z= 7+) were detected when digestion was performed
for 30 min with 1 mg PE. When «-CN was digested for 120 min with 1 mg PE, the major
observed species was a multiply charged polypeptide with unknown composition (z= 11
through z= 8). However, when the digestions were performed for the same duration but with
5 mg and 10 mg of coupled PE, well known and previously observed*0 glycopeptides appeared,
with the concomitant depletion of the intact protein and large polypeptides. Thus, the efficient
conjugation of large amounts of pronase to sepharose beads allows for accelerated glycoprotein
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profiling and should also provide advantages when digesting larger, more complicated
glycoproteins or glycoprotein mixtures.

Digestion and Analysis of a Glycoprotein Mixture

A cocktail of the three glycoproteins RNase B, k-CN, and BF was prepared and supplemented
with the nonglycosylated protein BSA. The mixture was then digested using 10 mg PE / 150
mg S4B beads. The resulting digests were analyzed with the goal of establishing whether a
more complex glycopeptide mixture could be adequately characterized using the current
approach. The resulting digest of this mixture was expected to provide high mannose and
complex type N-linked glycopeptides in addition to core 1 and core 2 type O-linked
glycopeptides. Another question addressed by this experiment was whether a reasonably clean
glycopeptide preparation could still be achieved despite the burdening of the mixture with a
significant proportion of nonglycosylated protein.

The nESI-FTICR mass spectrum resulting from direct analysis of the unfractionated,
unpurified protein mixture digest is provided in Figure 6. A total of 31 putative glycopeptide
assignments could be made, with representation of all glycoproteins present in the mixture
(Supplementary Table 4). These assignments accounted for most of the major signals (although
a small number of peaks remained unaccounted for). Thus, the presence of BSA did not appear
to have contributed any appreciable interference or complication of the digest. Most of the
assigned glycopeptides were mapped to RNase B, which was not unexpected due to the
relatively high mole fraction of this protein in the mixture. Nonetheless, several higher
molecular weight glycopeptides mapping to BF were also detected (e.g., m/z 1895.6805 with
z=2, assigned as the [M+H+Na]2* ion of 13 APLNDS!%® + HexNAcs Hexg NeuAcy). As
expected, assignment of the O-linked glycopeptides was subject to greater complication owing
to the lack of a consensus O-glycosylation sequon. Specifically, two potential O-linked
glycopeptide compositions were found to have two potential assignments. For example, the
glycopeptide at mVz 1312.5545 could be assigned either to the [M+Na]* ion of the k-CN
glycopeptide 182(T)VQVTS(T)188 + HexNAc; Hex; NeuAc; (3.2 ppm mass error), or the [M
+H]* ion of the BF glycopeptide 2°°(A)PSAVPD(A)27¢ + HexNAc; Hex; NeuAc; (1.5 ppm
mass error). A related signal corresponding to a glycoform having one additional NeuAc
residue was also detected at m/z 1603.6481. While in a separate experiment 271S on BF was
found to contribute significantly to the observed glycopeptide population (see Figure 3 and
Supplementary Table 3), glycosylation on 13T of k-CN has not been observed here or in
previous studies.#0> 58 Therefore, assignment of this signal to the k-CN glycopeptide seems
unlikely. While in this case it was possible to draw on other available information to
provisionally assign this O-linked BF glycopeptide, this situation underscores the possibility
for coincidence of even very accurately measured masses with multiple potential glycopeptide
compositions. More comprehensive glycoproteomics will require that the presently described
approach be used in concert with additional analytical dimensions (i.e., chromatography and
tandem mass spectrometry); nonetheless, these experiments demonstrate that bead
immobilized pronase digestion of glycoprotein mixtures is in principle capable of generating
representative glycopeptides from a complex mixture of glycoproteins. Further, this can be
accomplished with little or no interference by nonglycosylated peptides despite the large
amount of proteases used, and despite the presence of a background nonglycosylated protein.

Conclusions

The development of versatile, efficient, and robust analytical tools remains an important step
towards the realization of comprehensive, systems oriented glycoproteomics. Achieving this
order of breadth and depth in glycoproteomic research will undoubtedly require the integration
of several complementary preparative, analytical, and bioinformatic tools. On the basis of the
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present findings, nonspecific proteolysis with immobilized pronase can play a pivotal role as
a new technology for large scale glycoproteomics. Glycopeptide footprinting using
immobilized pronase has been demonstrated to produce high quality glycopeptide preparations
with high reproducibility. The immobilization of the proteolytic enzymes has also been found
to allow a 100 to 1000 fold reduction in the quantity of glycoprotein required for
characterization when compared to the 0.1 mg to 1.0 mg quantities commonly used for
conventional pronase digestion.45 »48,50-52 Furthermore, pronase can be effectively
immobilized in an approximately 70-fold greater enzyme to bead mass ratio than previously
1rep01rted,46 allowing effective pronase concentrations that are approximately seven fold greater
than the maximum aqueous solubility of free pronase with commensurate increases in digestion
rate. This allows informative glycopeptides to be produced in as little as 30 minutes, or
agproximately 100 times faster than the up to 48 hour digestions customary with free pronase.
45,48 Importantly, the increased densities of immobilized pronase were achieved without
introducing any detectable levels of contaminating autolysis. In concert, these features of
immobilized pronase have enabled an initial example of glycopeptide footprinting in a mixture
of glycosylated and non-glycosylated proteins with both N-linked and O-linked glycan
modifications present. This provides the first evidence that pronase digestion is applicable to
studies much more complex than monoproteic. Moreover, the result demonstrates that the
method is tolerant of significant background levels of non-glycosylated protein. By virtue of
immobilization, pronase digestion becomes amenable to implementation in a number of more
convenient and higher throughput formats (i.e., cartridge, spin column, 96 well plate, or flow
through enzyme reactor). The benefits afforded by enzyme immobilization add to the basic
advantages of nonspecific proteolysis, including the tunability of glycosylated peptide length
and the ability to circumvent protein denaturation, reduction, and alkylation steps.

These advantages notwithstanding, there are two important caveats to the use of pronase for
glycopeptide footprinting analysis. First, the natural heterogeneity of glycans at a specific site
is compounded by peptide length heterogeneity resulting from nonspecific proteolysis, thus
potentially reducing the effective sensitivity of the method. This being said, a digest resulting
from several picomoles of glycoprotein can still yield useful information. It should not be
overlooked that the peptide tag heterogeneity, while perhaps a disadvantage from the
standpoint of sensitivity, is advantageous in that the observation of multiple peptide tags
implicating a single site of glycosylation provides additional confidence in glycopeptide
assignments. Furthermore, the elimination of non-glycosylated peptides minimizes ion
suppression of the glycosylated peptides —a factor that reduces any presumptive stoichiometric
disadvantage. The second compromise of nonspecific proteolysis is that no peptide digestion
constraints (€.g., tryptic cleavage rules) can be applied when searching for potential
glycopeptide matches. Again, this complication is somewhat offset by the richness in
information provided by sequential cleavage of amino acid residues about the site of glycan
attachment.

When performing glycopeptide footprinting at the monoproteic level, the high mass accuracy
and high resolution furnished by FTICR-MS are usually sufficient to allow direct analysis of
glycoprotein digests. This sort of analysis should also be well within the capabilities of other
high performance mass analyzers. To exhaustively assign glycopeptides from mixtures of
greater complexity, the incorporation chromatographic separation will be necessary. In
addition, the use of MS/MS to aid in accurate glycopeptide assignment will be essential; with
this in mind, considerable effort has been invested in understanding the MS/MS dissociation
pathways of pronase derived glycopeptides.47’ 54 It should also be acknowledged that the
relatively short peptide tags typically produced by nonspecific proteolysis might be of limited
use for identifying a glycosylated protein in a mixture; however, it is possible to obtain longer
peptide tags by adjusting the digestion time. Thus, it is possible that larger pronase
glycopeptides could play a role in confirming protein identity. Another option for identifying
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e glycoproteins in a complex mixture would be to perform a standard tryptic digestion and

protein identification experiment in parallel with immobilized pronase based glycopeptide

fo
fo

otprinting. When used in concert with additional appropriate technologies, glycopeptide
otprinting with immobilized pronase can eventually surpass the present limitations of

conventional reductionist glycoproteomics.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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nESI-FTICR mass spectra of 24 h RNase B (upper panel) and x-CN (lower panel) pronase
bead digests performed using the same bead preparations at several intervals over the course
of six weeks. Glycopeptide signals are labeled with closed triangles and traced with arrows to

the spectra below.
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Figure 2.

nESI-FTICR mass spectra of 10 pg, 1 pg, and 100 ng RNase B digests. Glycopeptide signals

2000

v 100 ng RNasa B

2200

are labeled with closed triangles. Each trace represents the summation of 10 MS scans.
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nESI-FTICR mass spectra of CEA, HAT, and BF digests. Glycopeptide signals are labeled
with closed triangles and correspond to the glycopeptide compositions listed in Supplementary
Tables 1 through 3.
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Mean coupling efficiencies of differing masses of PE to varying amounts of S4B beads. Error
bars represent the standard deviation of four coupling reactions. The amount of successfully
coupled PE is expressed in both relative (upper panel) and absolute (lower panel) terms.
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Figure 5.

nESI-FTICR mass spectra of immobilized pronase digests of RNase B with 30 minutes of
incubation (upper panel) and immobilized pronase digests of k-CN with 120 minutes of
incubation (lower panel). The digests using 1 mg, 5 mg, or 10 mg of PE are shown. Well known

glycopeptides are labeled with closed triangles.
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Figure 6.

nESI-FTICR-MS analysis of a 1:1:1:1 (by mass) mixture of RNase B, k-CN, BF, and the
nonglycosylated protein BSA. Glycopeptide signals are labeled with closed triangles and
correspond to the glycopeptide compositions listed in Supplementary Table 4.
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